A number of materials have been used for Medical Additive Manufacturing (MAM), such as stem cells, biopolymers, metals, bio-ceramics, and bio-glass. Recent research includes potential applications in the replacement of human tissues, organs, and bones by using the bio-printing technology. MAM also has been applied to build up a dummy prototype to simulate a complicated operation process before surgery. Sustainable design of MAM has a need for the development of the system to be environmentally, economically, and socially sustainable for its life cycle. This paper surveys the scope of the sustainability of MAM in terms of these three categories. The methodology and tools for assessment of the sustainable development of MAM processes are discussed. This paper analyzes several examples of the application of additive manufacturing in medicine which have been published in recent journals. There are four critical areas of the design-centered system integration for sustainable development in this survey. The investigations for MAM processes including (1) the materials, (2) the precision of the advanced machine tools and tissues, (3) the mechanisms of the processes, and (4) the mechanical properties of the implanted components after MAM. The results can be used as a reference for the assessment of future sustainable Design-Centered Integration for MAM.
Introduction
Medical Additive Manufacturing (MAM) is being developed to improve human health and to expand the life span. Many research activities are focused on the technology development, but they seldom discuss the process of sustainability for the long term. This paper explores a new concept of sustainable Design-Center Integration for MAM in academic areas and industries. The research survey will build up a systematic view of the sustainable development of MAM industry in the future. Figure 1 depicts that some of the human tissues, such as the tissues of eye, heart, and brain, sustain for the whole life span. However, some tissues have periodical turnover times, such as skin for two weeks, red blood cells for 120 days, and liver for around 300 to 500 days [52] . If the tissues can be manufactured and replaced periodically, then the human life span can be expanded longer. However, a bigger scope for considering sustainable development is needed. Figure 1 Turnover year of some human tissues based on a 70 year life span [52] A scope of the sustainable Design-Centered Integration of the MAM process is shown in Figure  2 . Before the MAM process, the medical data can be obtained from CT or MRI. This data is used to build a three-dimensional model for Computer Aided Design (CAD). After CAD, a numerical control program will be generated for MAM. 
Sustainable Design-Centered Integration
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Advances in Materials and Processing Technologies XVI Sustainable design-centered integration of the MAM process regards entire MAM life-cyle that included materials selection, manufacturing, transportaion, use, and disposal. MAM may have challenges when we consider this process in terms of the environmental, economical, and social sustainability. Selected metrics for sustainable development for MAM are marked "*" as shown in Table 1 . Economical system of MAM can be measure accurately based on traditional accounting methods take into account cash flow. Environmental impact of MAM can be measure by life-cycle assessment software based on entire process of product life cycle. A list of comprehensive life-cycle assessment tools is shown in Table 2 . The social factors of MAM such as ethic, legislation, human right, and social justice should be considered before it can be applied to human treatment. Meanwhile, the most challenge integration for the process design is that balance the trade-off between the triple bottom line of the environmental, economical, and social criteria. Function and efficiency of MAM should be taken into consideration in the design phase simultaneously. The final goal of sustainability is to achieve minimum enviromental impact, maximum economical benefit, maximum social impact and having longer product life cycle. Because of the lack of data for the analysis of the MAM process, a sustainable Design-Centered Integration for MAM has yet to be developed.
The status of Medical Additive Manufacturing
The major processing modes of MAM for bonding materials include thermal(t), chemical(c), mechanical(m), optical(o), and electrical(e) processes as shown in Table 3 . The variation of the dimensions of the final tissues made of polymers or ceramics is about 0.18% to 0.8%. The best dimension control is 5µm for Electrical Beam Melting of TiNi powers. 
Research in academia
In the United States, Wake Forest Institute for Regenerative Medicine is researching the printing of skin cells to be put on burn wounds. Their results showed that mice with wounds similar to burn wounds healed in three weeks with bioprinting. In animals without the treatment, wound healing regularly took five weeks. The other tissues or organs at Wake Forest include urethra, ear, fingers and limbs, kidney, anal sphincters, blood vessels and bypass surgery, eggs, liver, and muscle. Cornell University developed a customized human-shaped new ear that grew with cartilage from a cow. MIT is developing printed stem cells for the application of single stem cell genomics, patches for wound healing, and ex vivo generation of tissue replacement. MIT also is researching biomolecules such as protein and DNA arrays and tissue engineering applications, e.g., guiding and maximizing stem cell growth in a wound site. Texas Heart Institute and the University of Minnesota's Centre for Cardiovascular Repair developed a process for whole organ decellularization and then reseeded the organs successfully with cells taken from rat and pig hearts. The potential future research area The optimal MAM process modes A successful MAM process which selects well-developed materials and optimizes factors for the process of high quality tissues is demanded. For instance, fibrin and alginate hydrogels are two typical hydrogels for biofabrication [7] . Fibrin hydrogel has better interactions among cells and for cell and tissue growth. Alginate hydrogel has stronger mechanical properties for good biofabrication. However, the excellent materials for biofabrication need the functions of both fibrin hydrogel and alginate hydrogel. The development of new materials for the optimally designed manufacturing processes will be a need in future research.
Mass customization for life cycle analysis
As we mentioned before, when life span expands two times, it will change our social systems. The profile of the age distribution of the global population will be left-skewed due to the increase of retired people. The freedom to replace tissues or offer customized healthcare may result in the lack of social justice in allocating medical resources, especially for poor people. A system approach for the social sustainability of the mass customized MAM may be demanded.
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Sustainability Assessment
The metrics for assessing the sustainability of the MAM process need to be developed to balance the environmental, economical, and social systems. Most of the societies or nations may need to develop the strategy for sustainable development and to solve international MAM management issues.
Summary
To sum up, the discovery of this survey research represents four primary aspects of MAM that included the materials, the precision of the advanced machine tools and tissues, the mechanisms of the processes, and the mechanical properties for current bio-printing technology. This research suggests a concept of sustainable design-centered integration for whole MAM life-cycle. It is important to design a sustainable process before it applied for medical application. After post-bioprinting processing, it is necessary to improve process continually until it meets acceptable sustainable level. The government should enact strict regulation and policy for those people applying bioprinting technology as well. Doing so can protect human to access the bioprinting while preventing someone from using this technology for illegal purposes
